Abstract: At present, there is strong impetus for renewable energy to replace the traditional energy sources because of the environmental pollution. Small hydropower is a promising renewable energy source; however, small hydro-turbines easily become blocked and impacted, and the efficiency of such devices is lower. Therefore, we examined contra-rotating rotors to overcome these disadvantages. We have made modifications to the blade thickness and to the front hub of the original model. In this paper, we focus on the attack angle and rear flow condition of the original model and the modified one. The axial and circumferential velocities are given as outputs, from which the attack angle is then calculated. The results show that the attack angle of new model is smaller at the hub area. The stagnation point of the rear rotor was moved slightly to the pressure surface of the rear blade, and the separation at leading edge area was suppressed. The crowed flow at the tip clearance area is also reduced. The high turbulent kinetic energy area is moved forward to the middle of the blade. The rear rotor's torque is bigger and changes more smoothly. Therefore, the rear flow conditions of the new model are improved.
Introduction
Environmental pollution and the depletion of energy resources has been a severe problem for human society. Therefore, there is strong impetus for renewable energy to replace the traditional energy sources because of the environmental pollution. There are many kinds of renewable energy, such as hydro, wind and solar [1] . Small hydropower is considered to be promising despite the fact that it is not widely used.
The electrical energy which is generated by small hydropower generators can be directly connected to the distribution network and provide electrical power for users. Therefore, the cost of small hydropower generation is very low. Based on this characteristic, small hydropower generation systems can be installed in some remote areas. These areas include remote rural areas which are out of the service of national power system, or the remote areas which haven't joined the distribution network yet because of the high cost of the expansion of the grid. Small hydropower generation systems can also provide electrical power for small communities or some small factories, satisfying a part of the power demands at these places, and making them use the power generated from renewable sources.
With the background of serious environmental pollution and depletion of energy resources, many countries all over the world are advocating for environmental protection and energy saving.
To predict the performance of the turbine, a numerical simulation was conducted and the results demonstrate the application's feasibility [16] . Then, we established the experimental apparatus, and the original test turbine was manufactured for performance experiments. The numerical result is also used to clarify the internal flow conditions [17, 18] . There are four spokes between front and rear rotor; the internal lose is generated because of the spokes. To decrease the internal lose, we changed the spoke shape from cuboid to conical, and the performance is highly improved [19] . After that, we continued to change the spoke from conical to cylindrical, and perform numerical analyses. The simulation result shows that the performance and internal flow conditions are further improved [20] . To clarify the running stability, we performed foreign materials experiments to evaluate performance when foreign vegetable materials become attached to the blade [21] . We designed and manufactured a new test turbine to enhance performance and improve the internal flow conditions of this contra-rotating small hydro-turbine [22] . The evaluation criteria for velocity distributions in front of bulb hydro turbines are also investigated [23] . We have changed the blade thickness and the shape of front rotor to establish the new test turbine, and we have also made performance experiments and numerical simulations. To compare with the original model, we investigated the differences between the new model and the original.
In this paper, we focus on the attack angle and rear flow conditions of the original and new models. Two planes which are vertical to the casing are created to obtain the value of the attack angle; these planes are located 3 mm upstream from the front rotor and 3 mm upstream from the rear rotor. In each plane, we established 6 points and outputed the axial velocity and circumferential velocity of that point. Then, we could calculate the attack angle of that point. We are also interested in the rear flow condition because a lot of evidence supports the hypothesis that the rear rotor is key for enhancing performance. Therefore, some differences in the rear flow condition between the original test turbine and new test turbine were observed and investigated.
Experimental Work

Basic Design Method of the Models
The assumed working environment of the small hydro-turbine is a water supplying casing in a farmland setting. The diameter of the casing is nearly 60 mm. The design flow rate is Q d = 4.825 L/s. The design head is H d = 2.6 m. These parameters are based on the assumed working environment. In this environment, the power is about P a = 10-100 W, the head is about H a = 1-4 m, and the flow rate is about Q a = 2-10 L/s. We designed the head of the front and rear rotors in the same way. Therefore, the design head H df = H dr = 1.3 m. The power of the generator is about 10-100 W. Based on this power, the rotation speed is designed to be N f = N r = 2300 r/min.
The original test turbine is shown in Figure 1a . To make the size of the original test turbine clear, we put a mouse beside it. We designed the hub tip ratios of the front and rear rotors in the same way; they are D hf /D tf = D hr /D tr = 0.5. In order to suppress the interaction of the blade rows between the front and rear rotors, the blade numbers should be co-prime. Therefore, the front blade number is Z f = 4, the rear blade number is Z r = 3. We chose NACA65 (National Advisory Committee for Aeronautics, American government, USA) as the profile of the front and rear blades. We did not adopt the guide vane because we wanted the small hydro-turbine to be as compact as possible. The basic parameters of the original rotors are shown in Table 1 . The new test turbine is manufactured by 3D printing; it is shown in Figure 1b . Regarding the two test turbines, there are two differences between the original and the new model. One difference is about the shape of front hub. For the original model, the chamfer is a flat plane. For the new model, the chamfer is a curved surface. The curve is a part of an arc whose radius is 20 mm. The length of the new front hub is longer than the original front hub. The front rotor length of the original model is 27.28 mm, and that of new model is 43.28 mm. Another difference concerns the blade thickness. For the original model, the blade thickness is always kept at 12% of the blade length. To describe the change in blade thickness, a parameter which named blockage ratio is defined. The definition of the blockage ratio is shown in Equation (1), 2 sin 100 2
In Equation (1), B represents the blockage ratio, r represents the radius of the rotor, z represents the blade number of the rotor, t represents the blade thickness, θ represents the setting angle of the blade. We can observe from the equation that the blade thickness will become smaller with increasing blockage ratio. If the blade thickness decreases, the flow passage between the near two blades will be expanded, that means the flow passage will become wider. Because the blade thickness of the original model was always 12%, the blockage ratio of the original model increases during the radial direction.
We adopted a new method to design the blade of the new model. This method involves keeping the blockage ratio constant in the radial direction. According to the new method, the blade thickness is not always kept constant. Instead of a constant value, we want to decrease the blade thickness, and also make the flow passage wider than in the original model. We choose the smallest Regarding the two test turbines, there are two differences between the original and the new model. One difference is about the shape of front hub. For the original model, the chamfer is a flat plane. For the new model, the chamfer is a curved surface. The curve is a part of an arc whose radius is 20 mm. The length of the new front hub is longer than the original front hub. The front rotor length of the original model is 27.28 mm, and that of new model is 43.28 mm. Another difference concerns the blade thickness. For the original model, the blade thickness is always kept at 12% of the blade length. To describe the change in blade thickness, a parameter which named blockage ratio is defined. The definition of the blockage ratio is shown in Equation (1),
We adopted a new method to design the blade of the new model. This method involves keeping the blockage ratio constant in the radial direction. According to the new method, the blade thickness is not always kept constant. Instead of a constant value, we want to decrease the blade thickness, and also make the flow passage wider than in the original model. We choose the smallest blockage ratio and applied it to the whole radial direction. Therefore, the blockage ratio is the same during the radial direction. The blockage ratio of the new model and the other detailed parameters are shown in Table 2 . To compare with the new model, the original blockage ratio and blade thickness of the front and rear rotors are also shown in Table 2 . The working environment of the contra-rotating small hydro-turbine is a small water supplying casing. In order to support the small hydro-turbine inside the casing, a spacer which includes 4 spokes around it was designed. In the future, the generators are planned to be put inside of the front and rear hubs, and the rotors will be supported only by the spokes. The spacer is between the front and rear rotors; its diameter is 29 mm, with both the front and rear hubs. The length of the spacer is 33 mm.
Experimental Apparatus and Method
To perform experiments for this contra-rotating small hydro-turbine, an experimental apparatus is assembled. A photo of the experimental apparatus is shown in Figure 2a . The schematic diagram of the apparatus is shown in Figure 2b . The test turbine was installed inside the test section casing, which was transparent for visualization. The casings were filled with water. To obtain the head, we used two pressure sensors to measure the pressure differences between the two-dimensional (2D) upstream of the front rotor and the 2D downstream of the rear rotor. In these experiments, the rotors were driven by two servo motors. The servo motors are assembled beside the test section. To make sure that the influence of the swirl flow from the elbow is suppressed, the length of the test section was 500 mm, i.e., long enough to suppress interference. blockage ratio and applied it to the whole radial direction. Therefore, the blockage ratio is the same during the radial direction. The blockage ratio of the new model and the other detailed parameters are shown in Table 2 . To compare with the new model, the original blockage ratio and blade thickness of the front and rear rotors are also shown in Table 2 . The working environment of the contra-rotating small hydro-turbine is a small water supplying casing. In order to support the small hydro-turbine inside the casing, a spacer which includes 4 spokes around it was designed. In the future, the generators are planned to be put inside of the front and rear hubs, and the rotors will be supported only by the spokes. The spacer is between the front and rear rotors; its diameter is 29 mm, with both the front and rear hubs. The length of the spacer is 33 mm.
To perform experiments for this contra-rotating small hydro-turbine, an experimental apparatus is assembled. A photo of the experimental apparatus is shown in Figure 2a . The schematic diagram of the apparatus is shown in Figure 2b . The test turbine was installed inside the test section casing, which was transparent for visualization. The casings were filled with water. To obtain the head, we used two pressure sensors to measure the pressure differences between the two-dimensional (2D) upstream of the front rotor and the 2D downstream of the rear rotor. In these experiments, the rotors were driven by two servo motors. The servo motors are assembled beside the test section. To make sure that the influence of the swirl flow from the elbow is suppressed, the length of the test section was 500mm, i.e., long enough to suppress interference. We used a magnetic flow meter KEYENCE FD-UH50H (Keyence, Osaka, Japan) to measure the flow rate Q inside the casing. The flow meter is installed far from the test turbine to separate it from the wake from the test turbine. The accuracy of the flow meter is ±0.5%. We also used a torque meter ONO SOKKI SS050 (ONO SOKKI, Yokohama, Japan) to measure the torque of the rotors; the accuracy of the torque meter is ±0.5%. The rotation speed of the rotor was measured with a rotation speed sensor ONO SOKKI MP-981 (ONO SOKKI, Yokohama, Japan). We used the data obtained by the sensors to calculate the performance of the contra-rotating small hydro-turbine. For example, we used the torque to calculate the shaft power; the ratio of shaft power to the water power gives the hydraulic efficiency.
Numerical Analysis Conditions
ANSYS-CFX (16.2, ANSYS, Pittsburgh, PA, USA) was used as the numerical simulation software. We made this numerical simulation under 3D unsteady flow conditions. We assumed that the fluid media is incompressible, isothermal water. The finite volume method was used in ANSYS-CFX. We chose stand k-ε as the turbulence model because it is proven to be accurate in engineering calculations. We also use the standard wall function near the wall. Therefore, the accuracy of the calculations can be ensured.
The numerical grids of the whole domains in ANSYS-CFX are shown in Figure 3a , and the grids data of the test rotors connected with spacers are shown in Figure 3b . We used a magnetic flow meter KEYENCE FD-UH50H (Keyence, Osaka, Japan) to measure the flow rate Q inside the casing. The flow meter is installed far from the test turbine to separate it from the wake from the test turbine. The accuracy of the flow meter is ±0.5%. We also used a torque meter ONO SOKKI SS050 (ONO SOKKI, Yokohama, Japan) to measure the torque of the rotors; the accuracy of the torque meter is ±0.5%. The rotation speed of the rotor was measured with a rotation speed sensor ONO SOKKI MP-981 (ONO SOKKI, Yokohama, Japan). We used the data obtained by the sensors to calculate the performance of the contra-rotating small hydro-turbine. For example, we used the torque to calculate the shaft power; the ratio of shaft power to the water power gives the hydraulic efficiency.
The numerical grids of the whole domains in ANSYS-CFX are shown in Figure 3a , and the grids data of the test rotors connected with spacers are shown in Figure 3b . The numerical analysis model is designed to be the same with test section. We designed the inlet and outlet elbows in the simulation model. The test section is long enough to be same with the experimental apparatus, and the influence of the elbow can be also suppressed in the numerical simulation. The driving shafts were also removed from the flow passage in the numerical simulation to match those of the experimental apparatus. The front and rear rotors rotate in the contrary direction in the numerical simulation. The numerical simulation consists of 3 steps: the first is a steady simulation; the second is transient simulation whose initial value is the result of the first step; the third step is outputting the result.
The inlet boundary condition is constant mass flow and the outlet boundary condition is constant pressure in the numerical simulation. We also set up the interface between each domain. During the unsteady simulation, the number of time-steps per revolution is 120. Therefore, the time step is ts = 2.174 × 10 −4 s. We established 7 parts in the numerical simulation. They are: inlet elbow, inlet casing, front rotor, spacer, rear rotor, outlet casing, and outlet elbow. The grid number is suitable for this simulation. The total number of grids for the whole numerical simulation is about 7,000,000. We chose a blade area to refine the mesh because the blade involves complicated geometry for which the physical quantity is changed a lot at the blade area. We refined all blades in the front and rear rotors, and defined the maximum grid size of this refinement area at 0.35 mm. The numerical analysis model is designed to be the same with test section. We designed the inlet and outlet elbows in the simulation model. The test section is long enough to be same with the experimental apparatus, and the influence of the elbow can be also suppressed in the numerical simulation. The driving shafts were also removed from the flow passage in the numerical simulation to match those of the experimental apparatus. The front and rear rotors rotate in the contrary direction in the numerical simulation. The numerical simulation consists of 3 steps: the first is a steady simulation; the second is transient simulation whose initial value is the result of the first step; the third step is outputting the result.
The inlet boundary condition is constant mass flow and the outlet boundary condition is constant pressure in the numerical simulation. We also set up the interface between each domain. During the unsteady simulation, the number of time-steps per revolution is 120. Therefore, the time step is t s = 2.174 × 10 −4 s. We established 7 parts in the numerical simulation. They are: inlet elbow, inlet casing, front rotor, spacer, rear rotor, outlet casing, and outlet elbow. The grid number is suitable for this simulation. The total number of grids for the whole numerical simulation is about 7,000,000. We chose a blade area to refine the mesh because the blade involves complicated geometry for which the physical quantity is changed a lot at the blade area. We refined all blades in the front and rear rotors, and defined the maximum grid size of this refinement area at 0.35 mm. Therefore, the grid at the blade area is refined. We set up an inflation layer on the outside surface of the rotor. The thickness of this inflation layer is 1mm. Regarding the value of y+, it was less than 100 and bigger than 50 at most of the domains. The maximum of y+ is 230 at a small area which was difficult to mesh. We choose 13 flow rate points to make the numerical simulations; the flow rates ranged from 90% to 200% of the design flow rate.
Results and Discussions
Experimental Results of Original Model and New Model
To prove the accuracy of the numerical simulation, we undertook performance experiments for the original model and new model. The process of the experiment is shown in Figure 4 . In Figure 4 , the rotation speed is 2300 r/min, and the test section is full of water. Therefore, the grid at the blade area is refined. We set up an inflation layer on the outside surface of the rotor. The thickness of this inflation layer is 1mm. Regarding the value of y+, it was less than 100 and bigger than 50 at most of the domains. The maximum of y+ is 230 at a small area which was difficult to mesh. We choose 13 flow rate points to make the numerical simulations; the flow rates ranged from 90% to 200% of the design flow rate.
Results and Discussions
Experimental Results of Original Model and New Model
To prove the accuracy of the numerical simulation, we undertook performance experiments for the original model and new model. The process of the experiment is shown in Figure 4 . In Figure 4 , the rotation speed is 2300 r/min, and the test section is full of water. During the experiments, we mainly measured the torque and pressure. Torque was measured by the torque meters connected with the driving shafts. The pressure was measured by pressure sensors installed 2D upstream of the front rotor and 2D downstream of the rear rotor. By the torque and pressure, we could calculate the power, head and efficiency of this contra-rotating small hydro-turbine. Therefore, the grid at the blade area is refined. We set up an inflation layer on the outside surface of the rotor. The thickness of this inflation layer is 1mm. Regarding the value of y+, it was less than 100 and bigger than 50 at most of the domains. The maximum of y+ is 230 at a small area which was difficult to mesh. We choose 13 flow rate points to make the numerical simulations; the flow rates ranged from 90% to 200% of the design flow rate.
Results and Discussions
Experimental Results of Original Model and New Model
To prove the accuracy of the numerical simulation, we undertook performance experiments for the original model and new model. The process of the experiment is shown in Figure 4 . In Figure 4 , the rotation speed is 2300 r/min, and the test section is full of water. During the experiments, we mainly measured the torque and pressure. Torque was measured by the torque meters connected with the driving shafts. The pressure was measured by pressure sensors installed 2D upstream of the front rotor and 2D downstream of the rear rotor. By the torque and pressure, we could calculate the power, head and efficiency of this contra-rotating small hydro-turbine. The experiment results of original and new models were compared to prove the accuracy of the simulation. Comparisons are shown in Figure 5a ,b.
(a) (b) In Figure 5a ,b, the horizontal axis is flow rate ratio between present flow rate Q and design flow rate Q d . The first vertical axis is head and efficiency of the test turbine. The second vertical axis is the power of test turbine. The flow meter has range limitation. Therefore, the maximum flow rate in the experiments was Q = 1.4 × Q d . From the comparisons in Figure 5a ,b, we can observe that the numerical and experimental results are well-matched. The experimental results show that the numerical simulation can reflect the performance of the contra-rotating small hydro-turbine. Therefore, the numerical result was shown to be correct, and we could use the numerical result to investigate and analyze the internal flow conditions of the original and new models.
Investigation and Analysis on the Attack Angle
Because the numerical simulation was proven to be correct, we used the simulation results to obtain the axial velocity and circumferential velocity on different planes and different points. Then we used the axial velocity and circumferential velocity to calculate the attack angle of that point. By means of observing the changing rule of the axial velocity, circumferential velocity, and attack angle, we could further enhance our comprehension to the internal flow conditions of this contra-rotating small hydro-turbine.
In order to obtain the velocity and attack angle at a suitable position, we established two planes in front of the front and rear rotors. One of the planes was 3 mm upstream from the front rotor. The other was 3 mm upstream of the rear rotor. Choosing 3 mm is an attempt to find a suitable position to reflect the velocity distribution and attack angle. In each plane, we established 6 points and output the axial velocity and circumferential velocity. The 6 points were in different section planes of the blade, and the section planes change from the bottom to the top of the blade. We set up 6 points to observe the velocity distribution and attack angle because the blade is established based on six 2D blade profiles. Then, the attack angle could be calculated by the axial velocity and circumferential velocity. The axial velocity of the original model 3 mm upstream of the front rotor is shown in Figure 6a , and the circumferential velocity of the original model 3 mm upstream of the front rotor is shown in Figure 6b .
In Figure 5a ,b, the horizontal axis is flow rate ratio between present flow rate Q and design flow rate Qd. The first vertical axis is head and efficiency of the test turbine. The second vertical axis is the power of test turbine. The flow meter has range limitation. Therefore, the maximum flow rate in the experiments was Q = 1.4 × Qd. From the comparisons in Figure 5a ,b, we can observe that the numerical and experimental results are well-matched. The experimental results show that the numerical simulation can reflect the performance of the contra-rotating small hydro-turbine. Therefore, the numerical result was shown to be correct, and we could use the numerical result to investigate and analyze the internal flow conditions of the original and new models.
In order to obtain the velocity and attack angle at a suitable position, we established two planes in front of the front and rear rotors. One of the planes was 3 mm upstream from the front rotor. The other was 3 mm upstream of the rear rotor. Choosing 3 mm is an attempt to find a suitable position to reflect the velocity distribution and attack angle. In each plane, we established 6 points and output the axial velocity and circumferential velocity. The 6 points were in different section planes of the blade, and the section planes change from the bottom to the top of the blade. We set up 6 points to observe the velocity distribution and attack angle because the blade is established based on six 2D blade profiles. Then, the attack angle could be calculated by the axial velocity and circumferential velocity. The axial velocity of the original model 3 mm upstream of the front rotor is shown in Figure  6a , and the circumferential velocity of the original model 3 mm upstream of the front rotor is shown in Figure 6b . In Figure 6a ,b, the X axis is axial velocity, the Y axis is the ratio between present radius r and radius of the casing rc. This will help to clarify the value distribution on different sections of the blade. In Figure 6a , we can observe that the axial velocity of the original model 3 mm upstream the front rotor was not significantly changed across different sections, and the axial velocity increased with increasing flow rate. From Figure 6b , we can observe that the circumferential velocity of the original model 3 mm upstream the front rotor is changed a lot in different sections when the radius In Figure 6a ,b, the X axis is axial velocity, the Y axis is the ratio between present radius r and radius of the casing r c . This will help to clarify the value distribution on different sections of the blade. In Figure 6a , we can observe that the axial velocity of the original model 3 mm upstream the front rotor was not significantly changed across different sections, and the axial velocity increased with increasing flow rate. From Figure 6b , we can observe that the circumferential velocity of the original Energies 2018, 11, 1806 9 of 18 model 3 mm upstream the front rotor is changed a lot in different sections when the radius decreases and the circumferential velocity increases. That means that the rotational motion of the water near the hub of the front rotor is more intense.
The axial velocity of the original model 3 mm upstream of the rear rotor is shown in Figure 7a , and the circumferential velocity of the original model 3 mm upstream of the rear rotor is shown in Figure 7b . From Figure 7a , we can observe that the axial velocity of the original model 3 mm upstream the rear rotor has changed after the water passed through the front rotor and spacer. The changing range of the axial velocity became wider when the flow rate became larger. Notably, the axial velocity near the hub of the rotor is negative, meaning that backflow will occur when the flow rate is high enough. The circumferential velocity upstream the rear rotor became large in the center field of the blade; this is obvious with the increased flow rate.
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In Equation (2), β in denotes the inlet angle, V z denotes the axial velocity, V t denotes the circumferential velocity, u denotes the velocity of the blade. u can be calculated as the following Equation (3):
In Equation (3), u denotes the velocity of the blade. r denotes the section located radius. After obtaining the inlet angle, we can calculate the attack angle. The attack angle can be calculated as the following Equation (4):
In Equation (4), α denotes the attack angle, β in denotes the inlet angle, θ denotes the setting angle. The attack angle of original model 3 mm upstream the front rotor is shown in Figure 9a , the attack angle of original model 3 mm upstream the rear rotor is shown in Figure 9b . Therefore, firstly, we can use the axial velocity and circumferential velocity to calculate the inlet angle. Then we can use the inlet angle and setting angle to calculate the attack angle. The inlet angle can be calculated as following Equation (2),
In Equation (2), βin denotes the inlet angle, Vz denotes the axial velocity, Vt denotes the circumferential velocity, u denotes the velocity of the blade. u can be calculated as the following Equation (3):
In Equation (4), α denotes the attack angle, βin denotes the inlet angle, θ denotes the setting angle. The attack angle of original model 3 mm upstream the front rotor is shown in Figure 9a , the attack angle of original model 3 mm upstream the rear rotor is shown in Figure 9b . From Figure 9a , we can observe that the attack angle of the original model increases with the decreasing radius. That means the attack angle is larger at the hub area. With an increasing flow rate, the distribution of the attack angle is not significantly changed; the curve is just moved to right side. Therefore, the attack angle upstream of the front rotor will not be highly influenced by the changing flow rate. However, the changing rule of the attack angle upstream of the rear rotor is quite different to that of the front rotor. From Figure 9b , we can observe that the attack angle upstream of the rear rotor is highly influenced by the changing of the flow rate. When the flow rate increases, the attack angle near the hub area is acutely decreased, resulting in the big difference of attack angle between the tip area and hub area. This phenomenon reflects that the flow condition in front of the rear rotor is quite confused and complicated, and the flow condition in front of the rear rotor has a big difference near the hub and tip areas. A big attack angle will also result in unstable running of the From Figure 9a , we can observe that the attack angle of the original model increases with the decreasing radius. That means the attack angle is larger at the hub area. With an increasing flow rate, the distribution of the attack angle is not significantly changed; the curve is just moved to right side. Therefore, the attack angle upstream of the front rotor will not be highly influenced by the changing flow rate. However, the changing rule of the attack angle upstream of the rear rotor is quite different to that of the front rotor. From Figure 9b , we can observe that the attack angle upstream of the rear rotor is highly influenced by the changing of the flow rate. When the flow rate increases, the attack angle near the hub area is acutely decreased, resulting in the big difference of attack angle between the tip area and hub area. This phenomenon reflects that the flow condition in front of the rear rotor is quite confused and complicated, and the flow condition in front of the rear rotor has a big difference near the hub and tip areas. A big attack angle will also result in unstable running of the small hydro-turbine. Therefore, the attack angle in front of the rear rotor will have a deep impact on performance.
Because the computational fluid dynamics (CFD) simulation of the new model has been proven to be correct by the experiments, we can use the numerical result to investigate the attack angle of the new model. The axial velocity of the new model 3 mm upstream of the front rotor is shown in Figure 10a , and the circumferential velocity of the new model 3 mm upstream of the front rotor is shown in Figure 10b . From Figure 10a , we can observe that the axial velocity of the new model has a different changing rule compared with the original model. The axial velocity of the new model becomes smaller at the hub area, while it is bigger at the middle area compared with the original model. Therefore, the modification of the blade thickness and front hub result in the difference of the front axial velocity between new model and original model. This difference of the front axial velocity will also result in the difference of the rear flow conditions. From Figure 10b , we can observe that the circumferential velocity at hub area is larger than that of the original model. That means rotational movement is stronger than that of the original model. small hydro-turbine. Therefore, the attack angle in front of the rear rotor will have a deep impact on performance.
Because the computational fluid dynamics (CFD) simulation of the new model has been proven to be correct by the experiments, we can use the numerical result to investigate the attack angle of the new model. The axial velocity of the new model 3 mm upstream of the front rotor is shown in Figure 10a , and the circumferential velocity of the new model 3 mm upstream of the front rotor is shown in Figure 10b . From Figure 10a , we can observe that the axial velocity of the new model has a different changing rule compared with the original model. The axial velocity of the new model becomes smaller at the hub area, while it is bigger at the middle area compared with the original model. Therefore, the modification of the blade thickness and front hub result in the difference of the front axial velocity between new model and original model. This difference of the front axial velocity will also result in the difference of the rear flow conditions. From Figure 10b , we can observe that the circumferential velocity at hub area is larger than that of the original model. That means rotational movement is stronger than that of the original model. The axial velocity of the new model 3 mm upstream of the rear rotor is shown in Figure 11a . The circumferential velocity of the new model 3 mm upstream of the rear rotor is shown in Figure 11b . The axial velocity of the new model 3 mm upstream of the rear rotor is shown in Figure 11a . The circumferential velocity of the new model 3 mm upstream of the rear rotor is shown in Figure 11b . small hydro-turbine. Therefore, the attack angle in front of the rear rotor will have a deep impact on performance.
Because the computational fluid dynamics (CFD) simulation of the new model has been proven to be correct by the experiments, we can use the numerical result to investigate the attack angle of the new model. The axial velocity of the new model 3 mm upstream of the front rotor is shown in Figure 10a , and the circumferential velocity of the new model 3 mm upstream of the front rotor is shown in Figure 10b . From Figure 10a , we can observe that the axial velocity of the new model has a different changing rule compared with the original model. The axial velocity of the new model becomes smaller at the hub area, while it is bigger at the middle area compared with the original model. Therefore, the modification of the blade thickness and front hub result in the difference of the front axial velocity between new model and original model. This difference of the front axial velocity will also result in the difference of the rear flow conditions. From Figure 10b , we can observe that the circumferential velocity at hub area is larger than that of the original model. That means rotational movement is stronger than that of the original model. The axial velocity of the new model 3 mm upstream of the rear rotor is shown in Figure 11a . The circumferential velocity of the new model 3 mm upstream of the rear rotor is shown in Figure 11b . From Figure 11a ,b, we can observe that the axial velocity and circumferential velocity of the rear rotor become larger than those of the original model, especially in the large flow rate status. The attack angle in front of the rear rotor can be also calculated by the same method.
The attack angle of the new model 3 mm upstream of the front rotor is shown in Figure 12a , and the attack angle of the new model 3 mm upstream of the rear rotor is shown in Figure 12b . From Figure 12a , we can observe that the attack angle of the new model 3 mm upstream of the front rotor has obvious differences compared with the original model. The attack angle of the new model is smaller at the hub area. Therefore, the new front hub helps to decrease the front attack angle. This phenomenon proves that the flow direction is vertical to the front blade in the new model. That's why we changed the shape of the front hub; the attack angle can reflect that we have achieved our goal. By means of changing the front attack angle, the rear flow condition is changed, and the performance of this contra-rotating small hydro-turbine is further improved. From Figure 12b , we can observe that the attack angle of the new model 3 mm upstream of the rear rotor is also changed at the hub area. When the flow rate increases, the attack angle of the new model 3 mm upstream of the rear rotor is much smaller than that of the original model. This is mainly because of the changing of front attack angle at hub area. From Figure 11a ,b, we can observe that the axial velocity and circumferential velocity of the rear rotor become larger than those of the original model, especially in the large flow rate status. The attack angle in front of the rear rotor can be also calculated by the same method.
The attack angle of the new model 3 mm upstream of the front rotor is shown in Figure 12a , and the attack angle of the new model 3 mm upstream of the rear rotor is shown in Figure 12b . From Figure 12a , we can observe that the attack angle of the new model 3 mm upstream of the front rotor has obvious differences compared with the original model. The attack angle of the new model is smaller at the hub area. Therefore, the new front hub helps to decrease the front attack angle. This phenomenon proves that the flow direction is vertical to the front blade in the new model. That's why we changed the shape of the front hub; the attack angle can reflect that we have achieved our goal. By means of changing the front attack angle, the rear flow condition is changed, and the performance of this contra-rotating small hydro-turbine is further improved. From Figure 12b , we can observe that the attack angle of the new model 3 mm upstream of the rear rotor is also changed at the hub area. When the flow rate increases, the attack angle of the new model 3 mm upstream of the rear rotor is much smaller than that of the original model. This is mainly because of the changing of front attack angle at hub area. 
Investigation and Analysis on the Rear Flow Condition
We are interested in the rear flow conditions because a lot of evidence supports the hypothesis that the rear rotor is key to enhancing the performance of the contra-rotating small hydro-turbine. Therefore, some differences of the rear flow conditions between the original and new models were investigated. Pressure distributions of the original and new models in viewpoint of blade to blade are shown in Figure 13 .
In Figure 13 , the flow rate of original model is 1.2 × Qd, and the flow rate of new model is 1.15 × Qd; these are their highest efficiency flow rates. The radius position is r/rc = 0.85, r represents the present radius, and rc represents the radius of the casing. The left side is the pressure distribution of the original model. The right side is the pressure distribution of the new model. The middle pictures are the stagnation points of the original model new models. From Figure 13 , we can observe that there are low-pressure areas behind the blades and spokes. That means that the flow separation happens in these areas. For the original model, the low-pressure areas are big and connected with the spoke. For the new model, the low-pressure areas are suppressed, and internal flow conditions are improved. We focused on the rear flow conditions because the rear rotor is the key point. When we investigated the details of rear flow conditions, we found that the rear rotor's stagnation points in the original model and the new model are different. Compared with the original model, the rear rotor's stagnation point in the new model is moved downward to the pressure surface of the rear blade. Because of this change of stagnation point, the new model's separation at the leading edge 
In Figure 13 , the flow rate of original model is 1.2 × Q d , and the flow rate of new model is 1.15 × Q d ; these are their highest efficiency flow rates. The radius position is r/r c = 0.85, r represents the present radius, and r c represents the radius of the casing. The left side is the pressure distribution of the original model. The right side is the pressure distribution of the new model. The middle pictures are the stagnation points of the original model new models. From Figure 13 , we can observe that there are low-pressure areas behind the blades and spokes. That means that the flow separation happens in these areas. For the original model, the low-pressure areas are big and connected with the spoke. For the new model, the low-pressure areas are suppressed, and internal flow conditions are improved. We focused on the rear flow conditions because the rear rotor is the key point. When we investigated the details of rear flow conditions, we found that the rear rotor's stagnation points in the original model and the new model are different. Compared with the original model, the rear rotor's stagnation point in the new model is moved downward to the pressure surface of the rear blade. Because of this change of stagnation point, the new model's separation at the leading edge area is suppressed, while the original model's separation at the leading area is expanded in the cascade frontal line. Finally, the separation in the leading edge area is suppressed, and the rear flow conditions are improved.
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The turbulent kinetic energy distribution of the original model and new model on the rear blades are shown in Figure 15 . From Figure 15 , we can see that the position of high turbulent kinetic energy of the new model is different to that of the original model. For the original model, the high turbulent kinetic energy area acts on the top of the rear blade, while the high turbulent kinetic energy area of the new model is moved forward to the middle of the blade. This also demonstrates that the flow of new model at the tip clearance area is smooth because the chaotic flow in front of the rear rotor is moved from the top to the middle area of the blade. High turbulent kinetic energy can help to drive the rear rotor and enhance the outputting torque of the rear rotor. Therefore, the changing of the high turbulent kinetic energy area will help to enhance performance. can also be proven by the streamlines on the right side of the rear blade. From the streamlines, we can find that the velocity of the new model is bigger than that of the original model. The streamlines of new model also show that the flow is more chaotic because the streamlines are more confused and have spiral flow characteristics. The turbulent kinetic energy is in direct proportion to the velocity and Reynolds number. Therefore, the new model's turbulent kinetic energy at the rear rotor area is bigger than that of the original model. The turbulent kinetic energy distribution of the original model and new model on the rear blades are shown in Figure 15 . From Figure 15 , we can see that the position of high turbulent kinetic energy of the new model is different to that of the original model. For the original model, the high turbulent kinetic energy area acts on the top of the rear blade, while the high turbulent kinetic energy area of the new model is moved forward to the middle of the blade. This also demonstrates that the flow of new model at the tip clearance area is smooth because the chaotic flow in front of the rear rotor is moved from the top to the middle area of the blade. High turbulent kinetic energy can help to drive the rear rotor and enhance the outputting torque of the rear rotor. Therefore, the changing of the high turbulent kinetic energy area will help to enhance performance. If we can determine the rotating angles when the rotors are rotating, it is be convenient for us to investigate the internal flow conditions by the rotating angles. Therefore, two angles are defined as θf and θr. At the beginning of the design, a base line is defined to separate the blade into two parts. The blade is separated for 25% and 75% of the chord; we chose this base line as the meridian plane. We also defined this as the beginning position of the rotation. The two angles will be changed with the rotation of the front and rear rotors. Therefore, the angle θf is defined as the angle between the base line of front blade and the meridian plane. The angle θr is defined as the angle between base line of rear blade and the meridian plane. A schematic diagram of the two angles is presented in Figure 16 . If we can determine the rotating angles when the rotors are rotating, it is be convenient for us to investigate the internal flow conditions by the rotating angles. Therefore, two angles are defined as θ f and θ r . At the beginning of the design, a base line is defined to separate the blade into two parts. The blade is separated for 25% and 75% of the chord; we chose this base line as the meridian plane. We also defined this as the beginning position of the rotation. The two angles will be changed with the rotation of the front and rear rotors. Therefore, the angle θ f is defined as the angle between the base line of front blade and the meridian plane. The angle θ r is defined as the angle between base line of rear blade and the meridian plane. A schematic diagram of the two angles is presented in Figure 16 . can also be proven by the streamlines on the right side of the rear blade. From the streamlines, we can find that the velocity of the new model is bigger than that of the original model. The streamlines of new model also show that the flow is more chaotic because the streamlines are more confused and have spiral flow characteristics. The turbulent kinetic energy is in direct proportion to the velocity and Reynolds number. Therefore, the new model's turbulent kinetic energy at the rear rotor area is bigger than that of the original model. The turbulent kinetic energy distribution of the original model and new model on the rear blades are shown in Figure 15 . From Figure 15 , we can see that the position of high turbulent kinetic energy of the new model is different to that of the original model. For the original model, the high turbulent kinetic energy area acts on the top of the rear blade, while the high turbulent kinetic energy area of the new model is moved forward to the middle of the blade. This also demonstrates that the flow of new model at the tip clearance area is smooth because the chaotic flow in front of the rear rotor is moved from the top to the middle area of the blade. High turbulent kinetic energy can help to drive the rear rotor and enhance the outputting torque of the rear rotor. Therefore, the changing of the high turbulent kinetic energy area will help to enhance performance. If we can determine the rotating angles when the rotors are rotating, it is be convenient for us to investigate the internal flow conditions by the rotating angles. Therefore, two angles are defined as θf and θr. At the beginning of the design, a base line is defined to separate the blade into two parts. The blade is separated for 25% and 75% of the chord; we chose this base line as the meridian plane. We also defined this as the beginning position of the rotation. The two angles will be changed with the rotation of the front and rear rotors. Therefore, the angle θf is defined as the angle between the base line of front blade and the meridian plane. The angle θr is defined as the angle between base line of rear blade and the meridian plane. A schematic diagram of the two angles is presented in Figure 16 . At the beginning, we defined θ f = 0 • and θ r = 0 • . This causes the base line of the front rotor and that of the rear rotor to be coincident with the meridian plane. The rotors rotate 3 • in each time-step. Then, θ f and θ r become θ f = 3 • and θ r = −3 • in the next time-step. The θ r is defined as negative because the rear rotor rotates in the opposite direction to the front rotor. The rotating direction of the front rotor is defined as positive, and that of the rear rotor as negative.
A comparison between the rear rotor's torque of the original and new models is shown in Figure 17 . From Figure 17 , we can see that rear rotor's torque for the new model is bigger than that of original model, and the torque of rear rotor is changed smoothly at the top and bottom of the curve. Therefore, the torque of the rear rotor is enhanced, and rear flow conditions are improved. At the beginning, we defined θf = 0° and θr = 0°. This causes the base line of the front rotor and that of the rear rotor to be coincident with the meridian plane. The rotors rotate 3° in each time-step. Then, θf and θr become θf = 3° and θr = −3° in the next time-step. The θr is defined as negative because the rear rotor rotates in the opposite direction to the front rotor. The rotating direction of the front rotor is defined as positive, and that of the rear rotor as negative.
A comparison between the rear rotor's torque of the original and new models is shown in Figure 17 . From Figure 17 , we can see that rear rotor's torque for the new model is bigger than that of original model, and the torque of rear rotor is changed smoothly at the top and bottom of the curve. Therefore, the torque of the rear rotor is enhanced, and rear flow conditions are improved. 
Conclusions
In this paper, the attack angle and rear flow conditions of the contra-rotating small hydro-turbine were investigated and analyzed. Two planes are created, located 3 mm upstream of the front rotor and 3 mm upstream of the rear rotor. The attack angle of the original and new models were compared. The rear flow conditions of the original and new models are also investigated. The rear flow details, such as the movement of the stagnation point, the pressure distribution, streamlines at tip clearance area, and the turbulent kinetic energy distribution on the rear blade, are clarified. The rear torque of the original and new models were also compared to support the investigation and analysis. According to the results, we can draw the following conclusions:

The contra-rotating small hydro-turbine can be installed in water supplying systems in farmland settings, and remote rural areas can use the electrical power which is generated by this system. Besides, some support structures like guide vanes or fairwater can be used in this hydro-turbine. These support structures can help to improve the flow conditions. However, to make this contra-rotating small hydro-turbine as compact as possible, we did not adopt guide vanes and fairwater. We designed a spacer which includes four spokes to support the contra-rotating small hydro-turbine in the casing.
The attack angle of the new model is smaller at the hub area. Therefore, the new front hub helps to decrease the front attack angle. This phenomenon proves that water can flow into the front blade more directly. It was for this reason that we changed the shape of the front hub; the attack angle demonstrates that we have achieved our goal. By means of changing the front attack angle, the rear flow condition is changed, and the performance was further improved.
Compared with the original model, the rear rotor's stagnation point in new model is moved downward to the pressure surface of the rear blade. Because of this change to the stagnation point, the new model's separation at the leading edge area is suppressed, while the original model's separation at leading edge area is expanded in the cascade frontal line. Therefore, this 
Conclusions
•
• Compared with the original model, the rear rotor's stagnation point in new model is moved downward to the pressure surface of the rear blade. Because of this change to the stagnation point, the new model's separation at the leading edge area is suppressed, while the original model's separation at leading edge area is expanded in the cascade frontal line. Therefore, this change to the stagnation point helped to suppress separation at the leading edge area and improve the rear flow conditions.
The flow is more crowded at the tip clearance of the original model by reflections of the pressure distribution at tip clearance area. The turbulent kinetic energy is changed to pressure potential energy and can't be used to output the torque of the rear rotor. This problem is resolved in the new model, because pressure at the tip clearance area is decreased and the flow is smooth. This can also be demonstrated by the streamlines of original and new models. The high turbulent kinetic energy area of the new model is moved forward, to the middle of the blade. The rear rotor's torque in the new model is greater than that of original model, and the torque of rear rotor is changed smoothly at the top and bottom of the curve. Therefore, the torque of the rear rotor is enhanced, and rear flow conditions are improved.
